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Biological invasions are a key cause of global biodiversity loss (Vermeij 1996 , MEA 2005 . Effects of invasions are highly variable but can be significant, and include extinctions of native fauna, invasional 'meltdowns' caused by cascading effects on other native flora and fauna, and complex 2 nd -order effects on disturbance regimes and ecosystem functioning (e.g., Vitousek et al. 1987 , 1996 , O'Dowd et al. 2003 . Collectively, the effects of invasion on biodiversity and ecosystem functioning are sufficient for biological invasion to be considered an element of global change (Vitousek et al. 1997) . Evidence of the negative effects of biological invasions is already abundant, but how these effects will be manifested in the future is unclear. Predicting invasion dynamics entails significant uncertainty, and predicting dynamics in an altered climate is likely to be even more uncertain (Dukes and Mooney 1999) .
The recognized effects of invasion and climate change on patterns of biodiversity make understanding the interactions between these 2 global threats critically important. Will competition between invaders and native species change under climate-change scenarios? Will some species that are not currently invasive become so? Will some ecosystems become more or less robust to invaders when climate changes? The results of several studies have suggested that climate change will increase invasion success because invasive species are often favored by disturbance Mooney 1999, Diez et al. 2012) . Others have suggested that the general habitat requirements of many invaders predispose them to being successful in the face of changing climate (Qian and Ricklefs 2006) . However, such generalizations may apply only to some groups of invaders. Responses of invaders to altered climates may depend, in part, on the origin of the invaders. Warming in some regions may reduce the effects of some invaders of temperate origin, particularly if the invader is at its thermal limit. For example, in freshwater systems, invasive salmonids have known major effects on native populations, communities, and ecosystem functions (e.g., Simon and Townsend 2003) , but these invaders have relatively low upper lethal limits for temperature (Clark et al. 2001) .
The expansion of invasive species into new habitats is broadly controlled by the physical environment (Moyle and Light 1996) and species interactions (e.g., Hector et al. 2001 , Kennedy et al. 2002 , Levine et al. 2004 ). Climate affects habitat occupancy, dispersal, and species interactions (Dukes and Mooney 1999) , so understanding the responses of invaders to climate change is important for predicting and modeling invasion success and spread. Invasion modeling has been carried out for many species (e.g., Loo et al. 2007 , Steiner et al. 2008 , Dullinger et al. 2009 ), but predicted rates of spread and habitat occupancy to date have been based on current climates. From a management perspective, understanding invasion probabilities and rates of spread against a backdrop of changing climate remains a challenging but necessary endeavor (Hellmann et al. 2008) .
The New Zealand mud snail (Potamopyrgus antipodarum) is a global invader. Invasive populations have been established in the UK (since at least the 1850s), eastern Europe (1880s), southern Europe (1950s; Čejka et al. 2008) , Australia (1970s; Ponder 1988 Davidson et al. 2008 , and the Middle East (2008; Naser and Son 2009). In the western USA, P. antipodarum now dominates invertebrate stream secondary production in many waterways at densities ranging from 10,000 to 40,000/m 2 (Hall et al. 2006) . Invasion by this species has been implicated in declines in the abundance and diversity of native invertebrates in the USA (Kerans et al. 2005) and Europe (Strzelec 2005) , in at least some cases via strong competition with other snails Shinn 2004, Strzelec 2005) . Potamopyrgus antipodarum negatively affects the condition and productivity of native fish because it can resist digestion and travel through the alimentary tract unharmed (Haynes et al. 1985 , Vinson and Baker 2007 , Alonso and Castro-Díez 2008 . In some cases, the combined effects of P. antipodarum in stream food webs has negatively affected ecosystem functioning by altering rates of nutrient cycling (Hall et al. 2003 ) and organic matter processing (Evans et al. 2011) , but in other studies, P. antipodarum had no negative effects on native macroinvertebrates (Brenneis et al. 2010) Potamopyrgus antipodarum is an important freshwater invader in southern Australia, where it can competitively exclude a number of native snails, including species in the closely related Austropyrgus genus (Schreiber et al. 1998 ). However, P. antipodarum originates from New Zealand, a temperate region, whereas Austropyrgus has been exposed to much warmer and drier conditions in their evolutionary history because of the prolonged aridification of the Australian continent over the last 10,000 y (Byrne et al. 2008) . Thus, the possibility exists that the outcome of competition between P. antipodarum and Austropyrgus could differ under predicted climate change. Climate models for southern Australia predict increases in mean temperatures and in the frequency of extreme summer temperatures (Hobday and Lough 2011) . However, few investigators have examined experimentally the effect of climate change on species interactions to predict invasion success.
We experimentally assessed the effects of climate change on the interaction between P. antipodarum and Austropyrgus angasi using realistic temperature treatments based on down-scaled global circulation models (Thompson et al. 2013a ) for current (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) and future (2100) conditions. We tested the effect of density-dependent intra-and interspecific interactions on growth and mortality of both species under each climate scenario. We hypothesized that P. antipodarum would reach higher growth rates than A. angasi under current temperatures, which could result in a competitive advantage of the invader over the native. We also predicted that A. angasi, which has evolved in an environment subjected to higher and more variable temperatures than those occurring in New Zealand, would perform better than P. antipodarum under the 2100 scenario.
METHODS

Study species and source populations
We used P. antipodarum and A. angasi (identities confirmed by W. F. Ponder, Australian Museum, Sydney). Both species are in the Tateidae family (formerly Hydrobiidae) and are small (A. angasi: up to 4 mm, P. antipodarum: up to 6 mm), operculate snails that feed on bacterial, fungal, and algal films and are found primarily in fresh water. Potamopyrgus antipodarum can reproduce sexually and parthenogenically (Schreiber et al. 1998) , whereas only sexual reproduction has been reported for A. angasi (Miller et al. 1999) . Both species are widespread in Victoria, Australia, and can be found in sympatry (PS, personal observation). They typically are found on weeds, leaves, roots, and stones in habitats ranging from semi-estuarine to fresh waters.
We collected animals from waterways in Victoria, southeastern Australia, between 15 and 17 June 2012. We collected P. antipodarum from the Bass River, Victoria (lat 38°21′57″S, long 145°39′51″E). The sampling location is characterized by soft substratum consisting predominantly of sand and mud. We collected P. antipodarum by vigorously sweeping a 0.3-mm-mesh rectangular-frame dip net through aquatic vegetation and along the edges and bottom of the river. We collected A. angasi from Jacksons Creek, Victoria (lat 37°29′23″S, long 144°44′20″E) by hand from the sides and undersides of rocks. The sampling location is characterized by hard substrate consisting predomi-934 | Climate change and invasion P. Sardiña et al. nantly of boulders, cobbles, and pebbles. At the time of collection, water temperatures were 9.1°C at Bass River and 9.5°C at Jacksons Creek. We placed animals in coolers containing water from the source location for return to the laboratory. In the laboratory, we kept animals in aerated aquaria and fed them by placing natural rocks with biofilm from a nearby stream in the aquaria. We acclimated snails for 1 mo by increasing the temperature 2°C every 5 d until 20 to 21°C was reached.
We obtained physicochemical conditions for both rivers from long-term data available at Waterwatch Victoria Data (http://www.vic.waterwatch.org.au/). Variables differed little between the 2 rivers (Table 1 ). In particular, both source rivers have similar annual thermal properties (mean ± SD: Bass River: 12.9 ± 2.3°C, 1996-2000; Jacksons Creek: 13.4 ± 4. 0°C, 2007-2013) . During summer (JanuaryFebruary) temperatures can reach ≥20°C in both rivers.
Laboratory experiment
We closed sections of silicone tubing that were 2 or 4 cm long (for the low-density and high-density treatments, respectively; see below) and 0.7 cm in diameter at each end with 500-μm nylon mesh. We used these tubes as enclosures and artificial substrata in a 2 × 3 factorial experimental design to investigate intraspecific and interspecific competition as a function of water temperature (Table 2) . We placed tubes in 2 outdoor 40-L aquaria for 8 wk prior to the experiment to allow periphyton to colonize the tubes.
We had 6 treatment groups in a combination of 2 temperature (current and 2100; see below) and 3 species density treatments: 1) 1 species at low density (2 snails/tube; intraspecific-low), 2) 1 species at high density (18 snails/ tube; intraspecific-high), 3) 2 species at high densities (9 snails of each species = 18 snails/tube; interspecifichigh). Tubes had a total internal area of 20 cm 2 in the low-density treatment (1000 snails/m 2 ) and 8.8 cm 2 in the high-density treatments (20,000 snails/m 2 ). Each treatment group was replicated 4× per species (Table 2) . Experimental densities were chosen to represent ranges of natural abundances found in streams and rivers throughout Victoria (Schreiber et al. 1998 , PS, personal observation). The low-density treatment was designed to estimate growth rates of the snails with no or low intraspecific competition. The experiment was run between 5 and 24 July 2012. Thus, our study provides information about the short-term effects of interaction between the 2 species and was of similar duration (1-3 wk) to other studies of competitive effects between P. antipodarum and other freshwater invertebrates (e.g., Cada 2004 , Hertonsson et al. 2007 , Riley et al. 2008 , Brenneis et al. 2010 .
We individually color-coded all snails by applying a small drop of acrylic fingernail paint to their apex, and we measured the length of each snail at the beginning and end of the experiment. Length was measured from the tip of the spire of the shell to the point of the aperture (i.e., the longest axis of the shell) with a micrometer eye-piece in a compound microscope. We randomly assigned premeasured snails of 2 size groups (small: <2.5 mm long, large: ≥2.5 mm long) to each of the 6 treatment groups. We chose these shell lengths to discriminate juveniles from adults based on data for P. antipodarum (no studies have been done on the biology of A. angasi). Reported length at maturity in P. antipodarum varies between 2.5 and 5 mm (Levri and Lively 1996 , Jokela et al. 1997 , Richards 2002 . We refer to juveniles and adults throughout this paper, but these designations may not be accurate for A. angasi. Size variation was minimal in each size group and for each species (see below). Each tube was stocked with juvenile and adult snails (of 1 species in the intraspecific trials and of 2 species in the interspecific trials) to mimic natural populations occurring in the field. We averaged growth rates for each replicate and analyzed them separately for juveniles and adults.
Temperature treatments
We filled 2 temperature-controlled 3000-L recirculating flumes (7 m long × 0.7 m wide × 0.5 m deep) with river water from the Little Yarra River, Victoria, and deployed 11.38 ± 6.25 11.00 ± 6.01 , n = 4 tubes/species), 2) 1 species kept at high densities (18 snails/ tube, 20,000 ind/m 2 , n = 4 tubes/species), 3) 2 species kept together at high densities (9 snails of each species/tube, 20,000 ind/m 2 , n = 4 tubes). P = Potamopyrgus antipodarum, A = Austropyrgus angasi.
Species density Temperature
Current 2100 1) Intraspecific-low 2 P or A/tube 2 P or A/tube 2) Intraspecific-high 18 P or A/tube 18 P or A/tube 3) Interspecific-high 9 P + 9 A/tube 9 P + 9 A/tube tubes with snails corresponding to each of the 3 species density treatments in each flume (n = 4 tubes/species; Table 2 ). Each flume was equipped with a temperaturecontrolled system that allowed application of realistic daily temperature treatments. Temperatures changed hourly. Because of the complex and expensive nature of the experimental flumes, we could run only 1 flume/thermal regime. However, individual tubes were isolated within each flume, and except for temperature, flumes did not exhibit statistical differences in other variables, including primary productivity, organic matter dynamics, and nutrient concentrations (Thompson et al. 2013b ). We treated tubes as true replicates when analyzing the data. We generated time series of hourly mid-summer temperatures for each treatment based on down-scaled regional climate models as described in Thompson et al. (2013a) . Each time series represented a realistic temperature regime that varied in accordance with the statistical distribution of temperatures for the current and future conditions. One temperature treatment was based on the statistical distribution of temperatures for 1990-2010 (current treatment), whereas the other was based on the distribution of temperatures projected to occur under a climatechange scenario for the year 2100 (2100 treatment). The methods are described in detail elsewhere (Thompson et al. 2013a) . Briefly, we used the methods of Semenov and Stratonovitch (2010) to generate the experimental temperature treatments from global circulation models (GCMs). Real historical observations from the weather station nearest to the study river (Melbourne Airport, Australia; lat 37.67°S, long 144.83°E) were used in the LARS-WG stochastic weather generator (Semenov et al. 1998 ) to simulate hourly time series of daily weather at a single site, including variable events such as extreme high temperatures and heat waves (Semenov et al. 1998, Pitman and Perkins 2008) . First, a 20-y time series was generated for current and 2100 conditions based on the global climate Model for Interdisciplinary Research on Climate (MIROC; Meehl et al. 2007) and emissions scenario A1B (predicting a year 2100 CO 2 concentration of 700 ppm) (IPCC 2000) for 2080-2100. The temperature from the January/February period for the 10 th year in each case was extracted for use as the experimental treatment. Because we needed water temperature data (rather than the air temperature data generated by the model), we used a long-run series of historical water temperatures for the study site (2005-2010; RMT, unpublished data) with historical air temperature data from the Melbourne airport weather station to calculate a predictive air-water temperature relationship. This procedure generated a temperature regime for the 2100 treatment that significantly increased the daily mean water temperature relative to the current treatment by 2.33 ± 0.26°C (mean ± SE) during the experiment. Mean daily water temperature fluctuated between 19.42 and 21.65°C in the 2100 treatment, and between 17.94 and 19.02°C in the current treatment.
Statistical analysis
Differences in mean daily growth rate and mortality between treatments were tested using a 2-factor fixed-effect analysis of variance (ANOVA) for each size group. The 2 factors were temperature and species density, and we tested their interaction. We used a post hoc Tukey multiple comparisons test to compare means when the interaction term was significant. Untransformed data satisfied assumptions of homogeneity of variances and normality for ANOVA. We used R (version 2.14.2; R Project for Statistical Computing, Vienna, Austria) to run the analyses.
RESULTS
Growth
Initial mean length did not differ among replicates or between species for either size group or treatment (ANOVA, p > 0.05; Table 3 ). On average, snails grew 0.001 to 0.01 mm/d across all treatments (Fig. 1A, B) . Juveniles grew less in total, but increased by a greater proportion of their initial length than did adults.
Juveniles of the 2 species grew at similar rates regardless of temperature and density (Table 4 , Fig. 1A ). Growth of adults was affected by a temperature × species density interaction. Under current temperature conditions, P. antipodarum grew faster than A. angasi in the interspecific treatment and in the high-density intraspecific treatment (Fig. 1B) . Growth rate of P. antipodarum in the interspe- Table 3 . Mean (± SD) shell length (mm) of snails at the beginning of the experiment in each of 2 temperature × 3 species density treatment × 2 size groups. P = Potamopyrgus antipodarum, A = Austropyrgus angasi, a = adults, j = juveniles. cific and high-density intraspecific treatments were significantly lower in the 2100 than in the current temperature conditions, and no longer differed from A. angasi growth rates (Fig. 1B) .
Mortality
Species density and temperature did not affect mortality for either species. Mortality was low and did not differ among treatments for either size group (ANOVA, p > 0.05; Table 5 ).
DISCUSSION
At high population densities, adult growth rates of invasive P. antipodarum differed significantly between temperature treatments, and this effect depended on the type of interaction (intraspecific vs interspecific). Under current conditions, P. antipodarum grew faster than A. angasi, which may indicate interspecific competition, a release from intraspecific competition, or facilitation. The fact that P. antipodarum growth rates did not differ between lowand high-density intraspecific treatments indicates absence of intraspecific competition at those densities. Contrary to our expectations, growth rates of A. angasi did not differ between intra-and interspecific treatments, a result suggesting absence of interspecific competition. Thus, our results suggest that under current temperature conditions, P. antipodarum benefitted from foraging with A. angasi (unidirectional facilitation effect). Other investigators have found facilitative effects between co-occurring grazers. For example, Riley et al. (2008) found that P. antipodarum growth was facilitated by the presence of the closely related snail Pyrgulopsis robusta, potentially increasing the ecological effect of P. antipodarum in some settings. The presence of larval Cloeon dipterum increased the growth of the snail Lymnaea peregra through indirect commensalism (Hertonsson et al. 2007 ). The authors explained that selective grazing by the mayfly promoted growth of the algal species preferred by the snails. Feeding behavior and preferences of A. angasi have not been reported, but selective grazing by P. antipodarum has been well established (Aberle et al. 2005 , Arango et al. 2009 ). Therefore, enhanced growth of P. antipodarum in the presence of A. angasi may be a consequence of grazing-induced changes in biofilms that provide increased access to food and enhanced P. antipodarum foraging efficiency.
Previous work on competitive interactions with P. antipodarum has produced conflicting results. Potamopyrgus antipodarum had weak competitive effects on other gastropods in New Zealand (Cope and Winterbourn 2004) , but had strong competitive effects on a native snail species in its invasive range in the USA (Richards and Shinn 2004) . Strong competitive effects on native snail species have Table 4 . Results of a 2-factor, fixed-effects analysis of variance testing for an effect of temperature and species density and their interaction on daily growth rates of juveniles and adults of the invasive Potamopyrgus antipodarum and native Austropyrgus angasi snails. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, ns = p > 0.05. been measured in constructed ponds in Europe (Strzelec 2005) . Riley et al. (2008) estimated the strengths of biotic interactions among P. antipodarum, algal resources, and a North American endemic snail. They found that consumer-resource interaction strengths were equivalent for P. antipodarum and the native snail, but P. antipodarum significantly limited the growth of the native snail and the native snail facilitated growth of P. antipodarum. These asymmetric interactions were strongest at high densities of P. antipodarum. Thus, positive feedback between high P. antipodarum densities and algal resources seems to exist across multiple ecosystems, but our results suggest that this feedback may be disrupted in warmer climatic conditions. Facilitation of P. antipodarum growth by A. angasi was not apparent in the 2100 scenario, a result suggesting that the facilitation was directly related to temperature conditions. The strength and direction of interspecific interactions can change under environmental stress (Bertness and Callaway 1994, Sardiña et al. 2011) . We found that the interaction between the invasive P. antipodarum and the native A. angasi shifted under temperature stress, such that the native no longer enhanced the growth of the invader. Whether this shift is a result of changes in the feeding behavior or the metabolic rates of either or both species is not clear. The fact that P. antipodarum growth was significantly reduced suggests 2 potentially synergistic mechanisms: 1) A. angasi was no longer able to benefit P. antipodarum, and 2) P. antipodarum may have been negatively affected by the high and variable temperature conditions.
Potamopyrgus antipodarum is a highly variable species that inhabits a wide range of habitat types (Winterbourn 1970 , Ponder 1988 and exhibits a wide range of temperature tolerances (from 0-32°C) (Vareille-Morel 1985 , Hylleberg and Siegismund 1987 , Quinn et al. 1994 . However, reported temperature limits for the species were derived from experiments in which constant or linearly increasing temperature regimes were applied for a few days (VareilleMorel 1985 , Hylleberg and Siegismund 1987 , Quinn et al. 1994 . The only attempt to evaluate thermal tolerances of P. antipodarum at varying temperatures was by Cox and Rutherford (2000) , who experimentally assessed thermal lethal effects (mortality) on snails subjected to diurnally varying patterns (diurnal temperature range of 10°C). They reported 50% mortality at a daily mean temperature of 28.6°C, which exceeds the mean temperatures in the 2100 treatment (19.42-21.65°C ). However, the authors evaluated mortality during a 4-d experiment, whereas we analyzed growth rates over a longer period. Thus, a decline in feeding and metabolic rates of the snails might occur at much lower temperatures than those affecting survivorship. Consistent with our results, Dybdahl and Kane (2005) found that population growth rates for 3 different clonal populations of P. antipodarum were highest at 18°C and lower at warmer temperatures. We collected both snail species from single sources chosen for their similar thermal properties. Thus, our results provide insight on the interaction of the 2 species when sharing similar thermal histories.
Experimental outcomes differed strongly between adult and juvenile P. antipodarum. Juvenile stages grew at similar rates and were affected in similar ways by temperature regardless of density-species treatment, and differences in performance under density-species and temperature treatments are mainly realized at the adult stage. Our results disagree with those of an experimental study by VareilleMorel (1985) in which P. antipodarum juveniles were less resistant than adults to increasing temperatures. However, Peck et al. (2013) found no effect of raising temperature on the juvenile stages of various invertebrate groups, including gastropods. Adult snails may have different resource or O 2 requirements or may graze on different algal species than juveniles. Also, in contrast to juveniles, adult P. antipodarum may divert some of their energy from shell growth to embryo production (Richards 2004) .
Potamopyrgus antipodarum is a global invader, and increasing attention is being paid to its effects (Cross et al. Intraspecific-low 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 Intraspecific-high 0.00 ± 0.00 0.00 ± 0.00 0.09 ± 0.09 0.08 ± 0.05 Interspecific-high 0.06 ± 0.06 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 938 | Climate change and invasion P. Sardiña et al. 2010) . A crucial tool being applied to predicting spread of the species is invasion modeling (e.g., Loo et al. 2007 ). However, these models do not take into account potential effects of changing climate, or when they do, assume that other biotic interactions remain constant against a backdrop of changing climate (Loo et al. 2007 , Sutherst et al. 2007 . Understanding how interspecific interactions may change in strength and direction under harsh or changing environmental conditions is important when predicting changes in the diversity and structure of communities. Our research clearly shows the importance of considering future temperature conditions, which may alter species interactions and, potentially, the ecological effects of invasive species. Our experiment is subject to a number of limitations. The populations of snails were sourced from an area that had been exposed to natural variation in climate and then were exposed quickly to a future climate scenario. In reality, warming will occur over decades. This gradual change may allow animals with sufficient variability to evolve in response to changing climates. This possibility is particularly likely in the case of animals with rapid generation times, such as freshwater mollusks. How to incorporate evolutionary processes into studies of the effects of climate change in fresh water remains a challenge, although it has been widely discussed generally and in the context of terrestrial organisms (Parmesan 2006 , Sgro et al. 2011 ). Potamopyrgus antipodarum is of particular interest here because the invasive populations are exclusively parthenogenic and, therefore, may lack the genetic variability needed to adapt in response to changing climates.
We deliberately created a very simple environment in which to carry out our experiment. In natural situations, a variety of mechanisms may allow species to cope with stressful climatic conditions. These mechanisms include moving into areas of thermal refuge in the substrate below streams and seeking out areas of high aeration to avoid O 2 stress. In addition, we had a limited suite of algal species available to colonize our microcosms and no other competing grazers or predators were present. Interactions with these parts of the community may affect the outcomes of interactions between our target species. However, these 2 species commonly exist in habitats that lack mollusk predators and are structurally relatively simple (Schreiber et al. 2003) . Therefore, our experiments are likely to provide some insight into real-world interactions between the 2 snail species.
Understanding complex community and ecosystemlevel responses to climate is essential to environmental management (van der Putten et al. 2010) . We have an increasingly nuanced view of the effects of climate change on individuals and populations, but understanding effects on biotic interactions remains a challenge (Traill et al. 2010 , van der Putten et al. 2010 , Walther 2010 LITERATURE CITED
